A direct correlation between reversible histone acetylation within chromatin and transcriptional competence of eukaryotic target genes has been long recognized. This posttranslational modification is mediated by histone acetyltransferases (HATs) that catalyze the transfer of an acetyl moiety from acetyl coenzyme A onto the ε-amino group of specific lysine residues of histones and also nonhistone proteins. At least four human HAT families have been identified (29) , and prominent examples of HATs are GCN5 (11), p300 and its homolog CREB-binding protein (CBP) (6, 38) , p300-and CBP-associated factor (P/CAF) (50) , and TAFII250 (34) . Impairment of HAT-encoding genes has been associated with developmental aberrations (45, 48, 51) and certain cancers (16, 29) , thereby underscoring the importance of HATs in orchestrating normal cell growth and differentiation. p300 and CBP are highly homologous global transcriptional coactivators in the cells of higher eukaryotes (17, 25) . Depending on promoter and cellular context, p300 and CBP can enhance transcription in several ways: they act as bridging proteins, connecting sequence-specific transcription factors to the basal transcriptional apparatus; they serve as scaffolds to assemble a complex of diverse transcription factors; they acetylate histones in the target promoter, leading to an open, transcriptionally competent chromatin configuration; or they acetylate and thereby functionally regulate specific transcription factors. Compared to many other HATs, p300 and CBP are very potent and versatile enzymes as they readily acetylate all four histones and several nonhistone proteins including p53 (20, 31) , MyoD (43) , and E2F1 (33) .
One of the interaction partners of p300 and CBP is the ER81 protein, which belongs to the ETS family of transcription factors, which bind to a 10-bp DNA sequence with an invariant core motif, 5Ј-GGA(A/T)-3Ј (18) . ER81 is important in neuronal function, as it regulates the development of selective connections between sensory and motor neurons in the spinal cord (3) . Also, ER81 is overexpressed in metastatic mammary tumors (4, 44) and causes Ewing's sarcoma upon chromosomal translocation with the EWS gene (27) . Furthermore, ER81 is a downstream effector of the proto-oncoproteins HER2/Neu and Ras, which regulate ER81 through specific phosphorylation events via mitogen-activated protein kinase (MAPK) pathways (9, 23) . Because of the widespread role of ER81 in various biological and pathological processes, it is important to understand further molecular mechanisms governing the activity of ER81.
In the present study we report that p300 and the associated P/CAF protein directly acetylate ER81 and thereby affect ER81 stability, DNA binding, and transactivation. Further, we show how acetylation and phosphorylation jointly regulate ER81 transcriptional activity. In addition, we demonstrate that oncogenic HER2/Neu stimulates ER81 not only via phosphorylation but also through an in vivo enhancement of p300 HAT activity, which may pleiotropically affect tumor formation. leupeptin/ml, 2 g of aprotinin/ml, 1 g of pepstatin A/ml, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM Na 3 VO 4 , and 10 mM sodium butyrate and centrifuged at 20,800 ϫ g for 10 min. Lysates were precleared with protein A-agarose beads (Repligen), and inputs were removed (1 to 3%). Immunoprecipitations were performed with antiacetyllysine antibodies (PAN-AC1, Abcam, and rabbit antiserum no. 06-933; Upstate Biotechnology) or a control anti-HA antibody (12CA5; Roche), followed by incubation with protein A-agarose beads. The immunocomplexes were heated at 100°C for 5 min in RIPA buffer containing 0.5% SDS, reimmunoprecipitated with an anti-Myc (9E10) antibody, followed by binding to protein A-agarose beads. Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and revealed by anti-Myc Western blotting. For endogenous ER81, anti-acetyllysine antibodies (rabbit antiserum 06-933; Upstate Biotechnology) or control anti-GAL4 antibodies (DBD; Santa Cruz Biotechnology) coupled to protein A were used, followed by Western blotting with anti-ER81 antibodies (anti-ETV-1 C20; Santa Cruz Biotechnology).
Coimmunoprecipitations. 293T cells were lysed in a mixture containing 2.5 mM Tris-HCl, 7.5 mM Na 4 P 2 O 7 , 12.5 mM NaCl, 12.5 mM NaF, 0.25% Triton X-100, 10 g of leupeptin/ml, 2 g of aprotinin/ml, 1 g of pepstatin A/ml, 1 mM phenylmethylsulfonyl fluoride, 0.5 mM Na 3 VO 4 , and 10 mM sodium butyrate (pH 7.1). Precipitations were then performed with protein A-agarose beads (Repligen) and either anti-Flag (M2; Sigma), anti-HA (12CA5; Roche), or anti-ER81 (anti-ETV-1 C20; Santa Cruz Biotechnology) antibodies, and coimmunoprecipitated proteins were detected by immunoblotting as described above.
Expression and purification of recombinant proteins. Glutathione S-transferase (GST) fusion proteins were purified from the respective Escherichia coli BL21 extracts with glutathione-Sepharose (Pharmacia) according to standard procedures. For GST-ER81 2-477 , the GST moiety was cleaved off with thrombin and ER81 2-477 was purified with Ni 2ϩ -nitrilotriacetic acid agarose (Qiagen), which makes use of a histidine tag inserted between the GST moiety and the ER81 amino acids.
GST pull-down assay. GST or GST-ER81 2-477 was bound to glutathioneagarose (Sigma). Lysates from 293T cells transiently transfected with the Flag-P/CAF expression plasmid were prepared in Frackelton buffer (10 mM Tris-HCl, 30 mM Na 4 P 2 O 7 , 50 mM NaCl, 50 mM NaF, 1% Triton X-100 [pH 7.1]) containing a protease inhibitor cocktail. One hundred microliters of cell lysates was incubated in 0.25ϫ Frackelton buffer with protein-bound GST-agarose beads for 2 h at 4°C. The beads were washed four times, boiled in sample buffer, and subjected to SDS-PAGE. Bound P/CAF was detected by anti-Flag Western blotting.
Isolation of RNA and RT-PCR. Cytoplasmic RNA was isolated from transiently transfected 293T cells and analyzed with the Access reverse transcription-PCR (RT-PCR) kit (Promega) as described before (9) . Primers for MMP-1 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were as reported previously (9) .
In vitro acetylation. In vitro acetylation assays were performed with 50 mM HEPES (pH 7.4)-10 mM sodium butyrate-0.1 mM phenylmethylsulfonyl fluoride-1 mM dithiothreitol in the presence of 0.25 Ci of [ 14 C]acetyl coenzyme A (57 mCi/mmol; Amersham). Reactions were performed at 30°C for 1 h and were stopped by adding 2ϫ Laemmli sample buffer. The reaction mixture was then subjected to SDS-PAGE, and dried gels were analyzed by autoradiography. Immunoprecipitated p300 was obtained by transiently transfecting 293T cells with 1 g of p300-HA with or without 1 g of HER2/Neu-V664E. Twenty-four hours after transfection, serum starvation (0.1% fetal bovine serum) was done for 12 h, followed by immunoprecipitations with anti-HA antibodies and RIPA buffer and finally by two washes in phosphate-buffered saline. In some cases, immunoprecipitates were then incubated with 50 U of calf intestinal alkaline phosphatase (Roche) for 30 min at 37°C and afterwards washed twice with phosphate-buffered saline before usage in in vitro acetylation assays.
Electrophoretic mobility shift assays. Electrophoretic mobility shift assays were performed as described previously (23) . Briefly, 293T cells were transfected with 0.5 g of wild-type cytomegalovirus (CMV)-ER81 2-477 or various mutant versions of it with or without p300-HA (3 g). Cell lysates were equalized for protein amount by Western blotting using anti-ER81 antibodies (anti-ETV-1 C20; Santa Cruz Biotechnology) and incubated with a 32 P-labeled doublestranded E74 oligonucleotide probe.
Pulse-chase experiments. Pulse-chase experiments were performed as described previously (21) . 293T cells were transfected with 1 g of Myc-ER81 with or without p300-HA or Flag-P/CAF (3 g). Thirty-six hours after transfection, the medium was replaced with methionine-free RPMI 1640 (Sigma) supplemented with 2% charcoal-stripped fetal bovine serum, L-glutamine (0.3 g/ liter), and L-cysteine-2HCl (0.652 g/liter). Methionine starvation was done for 1 h and was followed by addition of 100 Ci of [
35 S]methionine (Amersham) to each dish. Cells were incubated at 37°C for 2 h and washed twice with phosphatebuffered saline and then Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, and 0.015 g of methionine/liter was added. At various time points the cells were harvested and immunoprecipitations were performed with anti-Myc antibodies. Quantitation of incorporation of radioactivity was done with a PhosphorImager.
In vivo phosphorylation. Mv1Lu cells were transiently transfected with HAtagged p300 with or without HER2/Neu-V664E. Thirty-six hours after transfection, cells were metabolically labeled with 32 P i (0.1 mCi/ml) for 4 h, and p300 was then immunoprecipitated with anti-HA antibodies (12CA5; Roche). The immunoprecipitates were subjected to SDS-PAGE followed by anti-HA immunoblotting and additionally autoradiography.
Luciferase assays. Cells were seeded out on 6-cm-diameter dishes and transiently transfected by the calcium phosphate coprecipitation method (23) . Transfections utilized 1 g of TORU-luc, Gal4 2 -tk80-luc, or MMP-1 (Ϫ525 to ϩ15) promoter luciferase reporter plasmid in conjunction with mammalian expression plasmids.
RESULTS

ER81-dependent transcription is regulated by acetylation.
ER81 forms a complex with the ubiquitously expressed p300 and CBP proteins, but it has remained unresolved whether HAT activity of p300 and CBP is required for coactivation of ER81-mediated gene transcription (39) . To determine whether the transcriptional activity of ER81 is regulated by acetylation, the ER81-responsive TORU-luc luciferase reporter construct (35) was employed to transfect Mv1Lu cells, which were subsequently treated with the HDAC inhibitor sodium butyrate or trichostatin A (TSA) (36, 53) . As shown in Fig. 1A , both HDAC inhibitors enhanced the transcriptional activity of cotransfected ER81 in a dose-dependent manner up to 2.5-fold. In contrast, no effect on TORU-luc activity was observable in the absence of ER81, suggesting that acetylation specifically stimulates ER81-dependent transcription.
We have previously shown that ER81 activates a matrix metalloproteinase gene, the MMP-1 gene, in 293T cells (9) . Thus, we analyzed by RT-PCR whether HDAC inhibitors could also promote transcription of the endogenous MMP-1 gene in 293T cells. Transfection of ER81 did not result in detectable MMP-1 mRNA levels, nor did the utilization of the HDAC inhibitor sodium butyrate or TSA (Fig. 1B) . However, when ER81 was transfected into 293T cells and simultaneously HDAC inhibitors were employed, significant expression of MMP-1 was observed. In contrast, no change of GAPDH levels were detected, indicating the specificity of MMP-1 gene activation by ER81 and HDAC inhibitors. These results further imply that acetylation of ER81 activates ER81's ability to upregulate target gene transcription.
To further explore this conjecture, ER81 was coexpressed with p300 in CV-1 cells that express very low levels of endogenous p300 or CBP (55) . ER81-mediated luciferase activity of the TORU-luc reporter increased approximately 2.5-fold in the presence of p300, and no effect of p300 was detectable in the absence of ER81 (Fig. 1C) . In contrast, a HAT-deficient mutant protein, p300⌬1430-1504 (13), had no effect on ER81 activity. Furthermore, TSA enhanced ER81-dependent transcription in the presence and absence of p300. Altogether, these results imply that ER81 target gene expression is regulated by p300-mediated acetylation, which might entail direct acetylation of ER81 by p300.
To demonstrate that endogenous ER81 is indeed acetylated in vivo, we immunoprecipitated a 293T cell extract with antiacetyllysine antibodies or control anti-GAL4 antibodies. In-deed, immunoblotting with anti-ER81 antibodies revealed that endogenous ER81 was specifically immunoprecipitated by antiacetyllysine antibodies (Fig. 1D, lane 2) . Furthermore, addition of sodium butyrate enhanced the acetylation of ER81, whereas coexpression of HDAC3 inhibited it (Fig. 1D , lanes 4 and 6). Thus, ER81 exists as an acetylated protein in vivo and its degree of acetylation is modulated by HDAC activity.
ER81 is acetylated in vitro and in vivo by p300. To further prove that ER81 is acetylated in vivo, immunoprecipitations with two different antiacetyllysine antibodies were performed using extracts of 293T cells transfected with Myc-tagged ER81.
Ectopically expressed ER81 appears to be poorly acetylated ( Fig. 2A, lanes 2 and 3) , probably due to the limiting amounts of endogenous p300 in 293T cells. However, coexpression of p300 resulted in robust acetylation of ER81 ( Fig. 2A , lanes 5 and 6), indicating that ER81 is acetylated in vivo by p300. Control anti-Myc Western blotting showed that similar amounts of ER81 protein levels were present ( Fig. 2A, bottom) .
We also coexpressed HDAC3 with p300 and immunoprecipitated ER81 with antiacetyllysine antibodies. HDAC3 suppressed acetylation of ER81 in the presence of p300, indicating that the acetylation status of ER81 is determined by antagonistic HAT and HDAC activities (Fig. 2B ). In contrast, coexpression of HDAC1 and HDAC2 did not deacetylate ER81 (data not shown), even though HDAC1, -2, and -3 are all members of the same class I HDAC family. However, it has been shown that HDAC1 and -2 are more closely related to each other than to HDAC3 (49) . In conclusion, these data strongly suggest that ER81 is acetylated by p300 in vivo and is specifically deacetylated by HDAC3. However, it is unlikely that HDAC3 is exclusively responsible for ER81 deacetylation, as many different HDAC genes are present in mammalian cells.
Next, we wanted to map the region of ER81 undergoing acetylation. To this end, in vitro acetylation assays were performed using the HAT domain of p300 (residues 1195 to 1681; p300-HAT) and various GST-ER81 fusion proteins as substrates. p300-HAT acetylated GST-ER81 1-249 , GST-ER81 , and GST-ER81 1-210 ( Fig. 2C ; lanes 2, 4, and 5, respectively), whereas amino acids 182 to 477 contained no acetylation site (lanes 3, 6, and 7). As such, the acetylation site(s) is located within the N-terminal transactivation domain of ER81 (amino acids 1 to 182). ER81 is acetylated by p300 on K33 and K116. The N-terminal ER81 activation domain contains a total of 10 lysine residues, any of which might be acetylated by p300 (Fig. 3A) . To map the acetylation site(s), we therefore replaced lysine residues with arginines in order to retain the positive charge while preventing acetylation. The respective GST-ER81 and GST-ER81 63-210 fusion proteins were used as substrates in in vitro acetylation assays. Only mutations K33R and K116R abolished acetylation of GST-ER81 1-63 and GST-ER81 63-210 , respectively; other mutations did not have a significant effect on in vitro acetylation (Fig. 3B) . Thus, lysines 33 and 116 appear to be the sites of p300 acetylation. To demonstrate that these lysines are also utilized as acetylation sites in full-length ER81, we purified bacterially expressed wild-type and mutated ER81 2-477 and investigated the ability of p300-HAT to acetylate these ER81 proteins. Whereas both single-mutant proteins (K33R and K116R) were still acetylated by p300-HAT, acetylation of the double-mutant protein K33/116R was completely abolished (Fig. 3C) .
To confirm that K33 and K116 are also targeted by p300 in vivo, immunoprecipitations of ER81 coexpressed with p300 were performed with antiacetyllysine antibodies. Compared to wild-type ER81, the mutant proteins K33R and K116R showed lower levels of acetylation, and no acetylation of the K33/116R mutant protein was detected (Fig. 3D) . Taken together, our results indicate that ER81 is acetylated on lysines 33 and 116 both in vitro and in vivo by p300.
ER81 and P/CAF are in a complex in vivo. The coactivator P/CAF was originally discovered through its association with p300 and CBP and has intrinsic HAT activity (50) . As such, ER81 might, at least indirectly via p300 or CBP, also recruit To demonstrate complex formation between ER81 and P/CAF in vivo, we cotransfected 293T cells with Myc-tagged ER81 and either p300-HA or Flag-P/CAF. Coimmunoprecipitations were performed using whole-cell lysates with anti-HA or anti-Flag antibodies, followed by anti-Myc Western blotting. As reported previously (39), p300 coimmunoprecipitated with ER81 (Fig. 4A, lane 2) .
Immunoprecipitations with anti-Flag antibodies also led to the specific detection of ER81 (Fig. 4A, lane 4) , suggesting that ER81 and P/CAF bind to each other in vivo. To confirm this interaction between ER81 and P/CAF in vitro, GST pull-down assays were performed. Whereas the GST moiety and GST-ER81 1-210 did not interact with P/CAF, GST-ER81 2-477 did (Fig. 4B) .
To further corroborate a physiological interaction between ER81 and P/CAF, we studied the formation of complexes between endogenous ER81 and endogenous P/CAF in 293T cells. To this end, cell extracts were immunoprecipitated with anti-ER81 antibodies or control anti-GAL4 antibodies. Coprecipitated P/CAF was then detected by Western blotting. As shown in Fig. 4C , P/CAF was detectable only in anti-ER81 immunoprecipitates, again indicating that ER81 and P/CAF interact in vivo.
To map the ER81 domain responsible for interacting with P/CAF, 293T cells were transfected with various truncated versions of Myc-tagged ER81 and Flag-P/CAF as indicated (Fig. 4D) . Cell lysates were immunoprecipitated with antiFlag antibodies, and the coimmunoprecipitated ER81 truncations were visualized by Western blotting using anti-Myc antibodies. Besides full-length ER81 2-477 , ER81 2-429 , ER81 249-477 , ER81 249-383 , and ER81 383-477 were found to interact with P/ CAF (Fig. 4D, middle) . Thus, ER81 associates with P/CAF through amino acids 249 to 383 and 383 to 477.
Acetylation of ER81 by P/CAF. Since P/CAF associates with ER81, we investigated whether transcriptional activity of ER81 is modulated by P/CAF. To this end, CV-1 cells were transfected with ER81 along with P/CAF and/or p300. P/CAF potentiated the transcriptional activity of ER81 by fourfold, while the HAT-deficient ⌬497-526 mutant protein (41) had no effect (Fig. 5A) . Western blotting confirmed comparable levels of expression of P/CAF and the P/CAF⌬497-526 mutant protein (Fig. 5B) . No activation of transcription by P/CAF was observed in the absence of ER81. In addition, P/CAF-mediated activation of ER81 was further enhanced in the presence of p300. These results indicate that P/CAF is a coactivator of ER81 and that the HAT activity of P/CAF is required for its ability to coactivate.
We then investigated the impact of p300 and P/CAF on the activation of the endogenous MMP-1 gene by ER81 in 293T cells. Whereas ER81, p300, or P/CAF alone did not elicit (Fig. 5C ).
In contrast, the HAT-deficient mutant proteins p300⌬1430-1504 and P/CAF⌬497-526 were incapable of cooperating with ER81 to induce MMP-1 gene transcription. These data corroborate the notion that the acetyltransferase function of p300 and P/CAF is required for efficient ER81-mediated transcription.
To investigate whether ER81 is acetylated by P/CAF, in vitro acetylation assays were performed. Indeed, the HAT domain of P/CAF acetylated ER81 2-477 , ER81 1-249 , and ER81 (Fig.   5D ). However, ER81 , which is a substrate for p300-HAT, did not become acetylated by P/CAF, suggesting that acetylation of ER81 occurs within amino acids 64 to 210. Mutation of lysine 116 to arginine, but not mutation of any of the other lysine residues within ER81 amino acids 63 to 210, completely inhibited the acetylation of GST-ER81 (Fig. 5E) . We then confirmed in vivo acetylation of K116 by P/CAF by performing antiacetyllysine immunoprecipitation experiments. P/CAF induced in vivo acetylation of both wild-type and K33R ER81, but none in the K116R and K33/116R mutant proteins (Fig. 5F ). Thus, P/CAF solely acetylates K116 in vitro and in vivo whereas p300 additionally acetylates K33.
K116 acetylation augments ER81 DNA binding. One functional consequence of acetylation of a transcription factor is frequently a change in its DNA binding ability. As such, we examined the ability of ER81 to bind to the E74 probe, a wellcharacterized DNA binding site for ER81 (23) , and proved the identity of the ER81 band by supershifting experiments (Fig. 6,  right) . As shown in Fig. 6 (left, lanes 3 to 6), acetylation site mutant proteins bound to the E74 probe as avidly as wild-type ER81. Upon p300 coexpression in 293T cells, the DNA binding ability of ER81 was enhanced approximately threefold (compare lanes 3 and 8) . Similarly, the K33R mutant protein displayed an enhanced DNA binding activity upon coexpression with p300 (compare lanes 4 and 9), whereas the K116R and K33/116R mutant proteins were basically unaffected by p300 expression. These results indicate that acetylation of ER81 by p300 on K116 enhances the DNA binding ability of ER81. Although K116 is also acetylated by P/CAF, we were unable to observe any effect on DNA binding by coexpressing P/CAF with ER81, the reason being that P/CAF acetylates ER81 at a much lower stoichiometry than p300 in the 293T cells used (data not shown).
Acetylation stabilizes the ER81 protein. To investigate if acetylation by p300 or P/CAF had any protein-stabilizing effect, the in vivo half-life (t 1/2 ) of the ER81 protein was determined. p300 overexpression enhanced t 1/2 of ER81 threefold from 2.5 to 7.5 h (Fig. 7A) , whereas P/CAF did not significantly affect t 1/2 , again due to a very low stoichiometry of in vivo acetylation. We then assessed the t 1/2 s of various ER81 mutant proteins in the absence and presence of p300. No difference between the t 1/2 s of the wild-type ER81 and the K33R, K116R, or K33/116R mutant protein in the absence of p300 overexpression was observed (Fig. 7B) . However, in the presence of p300 (Fig. 7C) , the mutant proteins differed slightly (5.9 h for K33R and 6.1 h for K116R versus 7.5 h for wild-type ER81) or strongly (t 1/2 of K33/116R ϭ 2.5 h) in their stabilities from wild-type ER81. Thus, p300-mediated acetylation on both K33 and K116 contributes to ER81 stability.
Acetylation of ER81 affects its basal transcriptional activity. To assess the impact of acetylation on the ER81 transactivation potential, the N-terminal 210 amino acids of ER81, which encompass its strong activation domain as well as the sites of acetylation, were fused to the DNA binding domain of Gal4. The transcriptional activity of the resulting Gal4-ER81 1-210 fusion proteins was measured with a Gal4 DNA binding sitedriven luciferase reporter construct. As shown in Fig. 8A , the K33R, K116R, and K33/116R mutant proteins behaved indistinguishably from wild-type ER81 in the absence of overexpressed p300 or P/CAF. However, whereas p300 enhanced the transactivation potential of the wild-type Gal4-ER81 1-210 fusion protein, the mutant proteins were barely, if at all, responsive to p300 overexpression. These results are consistent with the notion that acetylation on both K33 and K116 is required for p300 to activate ER81. On the other hand, the K33R mutant protein was stimulated equivalently to wild-type ER81 by P/CAF, whereas the K116R and K33/116R mutant proteins were not at all stimulated by P/CAF, consistent with the fact that K116, but not K33, is a target of P/CAF. We then also tested the ability of full-length ER81 to be reg- ulated by acetylation with the TORU-luc reporter. As shown in Fig. 8B , acetylation on both K33 and K116 was required for p300 to activate ER81-dependent transcription but only acetylation on K116 was required in the case of P/CAF. To exclude the possibility that these effects might be due to the up-tothreefold differences in DNA binding or protein stability between wild-type and mutated ER81 (Fig. 6 and Fig. 7 ), ER81 proteins were expressed at saturating amounts so that these differences would be barely noticeable. In conclusion, a major way in which p300 and P/CAF activate ER81-dependent transcription is by raising ER81's transactivation potential through acetylation of the N-terminal activation domain. However, p300 and P/CAF differ, at least in part, in their mechanisms of activation of ER81-mediated transcription, since the K33R mutant protein was activated by P/CAF but not by p300, although both of these coactivators are still able to acetylate K116 in the K33R mutant protein (Fig. 3 and 5) . Thus, K116 acetylation in itself appears to be insufficient to activate ER81-dependent transcription. We extended our analysis to the stimulation of endogenous MMP-1 gene transcription upon acetylation of ER81. As shown above (Fig. 5C) , expression of wild-type ER81 in the presence of p300 or P/CAF resulted in significant levels of MMP-1 mRNA, detectable in our RT-PCR analyses (Fig. 8C) . In contrast, the K33R mutant ER81 was stimulated only by P/CAF, whereas the K116R and the K33/116R mutant proteins were stimulated in their activities by neither p300 nor P/CAF, consistent with our results obtained by studying artificial luciferase reporter constructs ( Fig. 8A and B) . These results indicate the physiological importance of ER81 acetylation on specific lysine residues for the regulation of gene transcription.
HER2/Neu-stimulated transcription activation is impaired in ER81 acetylation mutant proteins. Our previous studies have shown that ER81 is regulated through phosphorylation via MAPK pathways upon overexpression of HER2/Neu (9, 10). Having identified acetylation as a regulator of basal ER81 activity, we wanted to study its impact on HER2/Neu-mediated activation of ER81. Indeed, HER2/Neu-elicited activation of the TORU-luc reporter was significantly reduced (ϳ40%) with all ER81 acetylation site mutant proteins tested (Fig. 9A) . Similar results were obtained with the MMP-1 promoter (Fig.  9B and data not shown) . However, mutation of all phosphorylation sites (T139, T143, S146, S191, and S216) that are inducibly phosphorylated upon HER2/Neu overexpression and that regulate ER81 function (9) had a larger impact on ER81's ability to activate the MMP-1 promoter than mutation of the two acetylation sites (Fig. 9B , compare A139/143/146/191/216 to K33/116R). Yet, additional mutation of the two acetylation sites reduced the activity of the A139/143/146/191/216 mutant protein by nearly one-half. These results indicate that both phosphorylation and acetylation of ER81 are required for maximal ER81-dependent transcription. They also point at the possibility that acetylation of ER81 might be induced by HER2/ Neu. HER2/Neu expression enhances HAT activity of p300. To analyze whether HER2/Neu can stimulate the HAT activity of p300, p300 was coexpressed with or without HER2/Neu, immunoprecipitated, and used to acetylate GST-ER81 fusion proteins or core histones. HER2/Neu enhanced acetylation of GST-ER81 2-477 and GST-ER81 1-249 by 2.6-and 5.5-fold, respectively (Fig. 10A) . Similarly, acetylation of histones by p300 was increased 3.8-fold upon HER/2Neu coexpression. These results demonstrate that HER2/Neu enhances the HAT activity of p300, most likely by inducing phosphorylation of p300. Consistently, phosphatase treatment of p300 immunoprecipitated from HER2/Neu-overexpressing cells inhibited any stimulation of p300 HAT activity. Rather, p300 HAT activity was reduced to ϳ50% of the basal level after the phosphatase treatment, suggesting that p300 is phosphorylated and thereby   FIG. 8 . Role of K33 and K116 acetylation in p300-and P/CAFmediated activation of ER81. Wild-type ER81 or the indicated mutant proteins were cotransfected into CV-1 cells either as Gal4-ER81 1-210 constructs (0.2 g) with the Gal4 2 -tk80-luc luciferase reporter (A) or as CMV-ER81 2-477 expression vectors (0.2 g) with TORU-luc (B). p300 (0.4 g) and P/CAF (0.5 g) were coexpressed as indicated, and the resulting luciferase activities were measured. (C) RT-PCR analysis of MMP-1 gene transcription in 293T cells. Where indicated, wild-type or acetylation-deficient ER81 mutant proteins (0.2 g) were coexpressed in the presence of p300 or P/CAF (0.5 g).
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ activated to some degree even in the absence of HER2/Neu overexpression. In contrast, no change in HAT activity of P/CAF was seen upon HER2/Neu expression (data not shown).
To ascertain that HER2/Neu induces the phosphorylation of p300 in vivo, metabolic 32 P i labeling experiments were performed with Mv1Lu cells transiently transfected with p300-HA and HER2/Neu-V664E. As shown in Fig. 10B (left) , cotransfection of HER2/Neu induces the phosphorylation of p300. Western blotting (right) showed comparable levels of p300 protein expression in the presence and absence of HER2/Neu. These results imply that HER2/Neu may regulate p300 HAT activity through the induction of p300 phosphorylation.
Next, we investigated the effect of p300 on HER2/Neu-and ER81-mediated MMP-1 gene transcription. As reported before (9), HER2/Neu and ER81 synergistically activated the endogenous MMP-1 gene (Fig. 10C) . Importantly, overexpres- To analyze how HER2/Neu may affect in vivo acetylation of ER81 by p300, Myc-tagged ER81 and its acetylation site mutant proteins were immunoprecipitated with antiacetyllysine antibodies and then detected by anti-Myc Western blotting. Coexpression of HER2/Neu enhanced acetylation of wild-type, K33R, and K116R ER81 by approximately threefold, whereas no acetylation of the double-mutant protein, K33/116R, was observable (Fig. 10D) . These results indicate that HER2/Neu can regulate ER81 activity, in part, by acetylation of ER81.
HER2/Neu overexpression leads to the activation of the Ras3Raf3MAPK pathway (52) , suggesting that oncogenic Ras or Raf may also stimulate p300 HAT activity. Thus, p300 was coexpressed with an oncogenic mutant Ras, Ras-G12V, or BXB, a constitutively active Raf-1 molecule (12), immunoprecipitated, and used for in vitro acetylation assays. Compared to p300 alone, coexpression of Ras-G12V and BXB led to enhanced acetylation levels for both GST-ER81 2-477 and core histones, similar to what was observed with HER2/Neu (Fig.  10E) . Thus, we report here for the first time that HER2/Neu, Ras, and Raf, most likely via activation of MAPKs, stimulate in vivo the HAT activity of p300.
DISCUSSION
p300 is a versatile coactivator that can interact with multiple transcription factors including ER81 (17, 25) . As p300 is a potent HAT modifying histones and thereby loosening chromatin structure, this represents one mechanism by which p300 stimulates ER81-dependent gene transcription. The present study provides biochemical and functional evidence for a hitherto-unrecognized mechanism by which p300 regulates ER81 function at multiple levels (DNA binding, protein stability, and transactivation) by direct acetylation of ER81 itself. Additionally, this study has identified a new cofactor of ER81, the HAT P/CAF. Furthermore, we provide evidence that p300 HAT activity is regulated by HER2/Neu, Ras, and Raf in vivo, pointing to a novel mechanism for how these proto-oncoproteins can affect gene transcription. Finally, we have identified, to our knowledge for the first time, in ER81 a transcription factor whose activity is enhanced by simultaneous phosphorylation and acetylation triggered by a member of the growth factor receptor tyrosine kinase family.
Two in vivo acetylation sites were mapped in the N-terminal transactivation domain of ER81, K33 and K116. While K116 can be acetylated by both p300 and P/CAF, K33 is targeted only by p300. A series of peptide substrates was used to determine that the consensus sequence for p300-mediated acetylation is at residues possessing a positive charge at either position Ϫ3 or ϩ 4 or both (46) . K33 of ER81 is flanked by arginine residues (underlined) at both of these positions (29-VRKRK FINRD-38) but not K116 (112-SYGEKCLYNV-121). In addition, K116 is not part of the possible recognition motif (GKXXP) for the GCN5-P/CAF family of HATs (40) . As such, K116 is one more example where deviations from p300 or P/CAF acetylation consensus motifs occur (46) .
Although P/CAF binds to p300 and thus could indirectly form a complex with ER81 in vivo, P/CAF may also bind to ER81 independently of p300. This notion is supported by the fact that ER81 amino acids 249 to 383 strongly interact with P/CAF in vivo but are not sufficient for binding to p300 (39) . Furthermore, p300 mutant protein ⌬33, which is incapable of binding to P/CAF (41) and whose overexpression can replace that of endogenous p300 from ER81, did not prevent P/CAF from stimulating ER81-dependent transcription (data not shown), again suggesting that P/CAF binds directly to ER81. However, it is highly likely that P/CAF is corecruited by p300 to ER81 and that a multiprotein complex with mutual binding of all members to one another exists in vivo.
Acetylation of transcription factors may exert either stimulatory or inhibitory effects on transcription via a variety of mechanisms. Our study suggests that ER81 function is regulated by acetylation at three different levels, enhancement of DNA binding activity, increase of protein stability, and stimulation of its transactivation potential. Prominently, acetylation has been shown to enhance the DNA binding ability of p53 (20) and E2F1 (33) but disrupts DNA binding by HMG1Y (37) . In ER81, acetylation of K116, but not K33, enhances the affinity of ER81 for DNA. Since the DNA binding ETS domain (amino acids 333 to 415) of ER81 does not contain the ER81 acetylation sites, the observed enhancement of DNA binding upon acetylation of K116 seems to be due to a conformational change in ER81 allowing the ETS domain to more avidly bind to DNA. Acetylation on either K33 or K116 was found to enhance the in vivo t 1/2 of ER81. A similar observation has been reported for E2F1 (33) . One mechanism by which acetylation may stabilize proteins is the prevention of ubiquitination, and thus of ubiquitin-mediated proteasomal degradation, at the same lysine residues (19) . However, this is not the case for ER81, since the K33/116R mutant protein had the same t 1/2 of 2.5 h as wild-type ER81 in the absence of p300, not 7.5 h, as for wildtype ER81 acetylated by p300. Rather, one might speculate that acetylation on lysines 33 and 116 prevents ubiquitination at other lysine residues in ER81 by inducing a conformational change in ER81 or allowing ER81 to interact with proteins that shield it from being recognized by ubiquitin ligases.
A third way in which acetylation furthers ER81-dependent transcription is by increasing the potency of its N-terminal transactivation domain, as shown with the Gal4-ER81 1-210 fusion proteins. However, the mechanism via which acetylation of ER81 stimulates its transactivation function remains to be studied. One possibility is the recruitment of cofactors or chromatin remodeling complexes that solely interact with acetylated lysine residues via their bromodomains (14) .
Our previous studies have shown that ER81 is activated through phosphorylation by MAPKs and MAPK-activated protein kinases upon stimulation with HER2/Neu (9, 24, 47) . We therefore analyzed the possibility of the existence of a dual regulatory mechanism (acetylation and phosphorylation) for ER81 activity. Indeed, either mutation of the two in vivo acetylation sites or five phosphorylation sites reduced HER2/Neumediated activation of ER81, and joint mutation of acetylation 6252 GOEL AND JANKNECHT MOL. CELL. BIOL.
on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ and phosphorylation sites nearly eliminated the ability of HER2/Neu to activate ER81-dependent transcription. Thus, both acetylation and phosphorylation of ER81 are required for maximal transactivation (Fig. 11) . Similarly, phosphorylation and acetylation appear to jointly activate p53 (42) and B-Myb (28), whereas for human positive coactivator 4 (30) and forkhead transcription factors (32) phosphorylation prevents acetylation and thereby activation of transcription. The HAT activity of p300 and CBP can be regulated through phosphorylation. For instance, cyclin E-Cdk2 may phosphorylate CBP and thereby stimulate its HAT activity (2), whereas phosphorylation by protein kinase C␦ appears to inhibit the HAT activity of p300 (54) . We showed that HER2/Neu, a receptor tyrosine kinase belonging to the epidermal growth factor receptor family, induces the HAT activity of p300, but not P/CAF, and accordingly also the in vivo acetylation of ER81. Similarly, signaling molecules downstream of HER2/ Neu (52) that belong to the Ras3Raf3MAPK pathway, oncogenic Ras-G12V and constitutively active Raf-1, enhanced p300-mediated acetylation of ER81. Thus, the HAT activity of p300 and CBP is likely activated through MAPK phosphorylation upon HER2/Neu expression, consistent with our findings that treating p300 with phosphatase reduces its HAT activity and that HER2/Neu induces in vivo phosphorylation of p300 and also consistent with previous reports showing that ERK1-MAPK phosphorylates CBP and increases CBP HAT activity in vitro (1, 26) .
Mutated or overexpressed Ras, Raf, and HER2/Neu are among the most prominent human oncoproteins. Mutations in Ras are found in 30% of all human cancers, whereas overexpression of HER2/Neu has been detected in cancers of the breast, ovary, endometrium, colon, kidney, and lung (22) . In particular, HER2/Neu overexpression occurs in ϳ30% of all human breast tumors. Interestingly, mice engineered to overexpress HER2/Neu in breast tissue develop mammary tumors displaying enhanced expression of ER81 (44) . In addition, ER81 is expressed in human breast tumor specimens and even overexpressed in some human breast tumor cell lines (4, 9) . Also, HER2/Neu-activated ER81 may be part of a positivefeedback loop stimulating the expression of HER2/Neu (10). Further, both HER2/Neu-mediated phosphorylation (9) and acetylation of ER81 induce the ability of ER81 to activate gene transcription. Taken together, ER81 appears to be an ideal downstream executioner of the oncogenic potential of HER2/ Neu in breast tumors. However, ER81 may also be involved in tumor formation elicited by oncogenic Ras and Raf. The fact that p300 HAT activity is increased by oncogenic Ras, Raf, HER2/Neu, and probably other growth factor receptors signaling via the MAPK pathway may be relevant not only to ER81 but also to other transcription factors regulated by acetylation. In addition, chromatin can be loosened by histone acetylation upon stimulation of p300 HAT activity. Thus, HER2/Neu, Ras, and Raf may pleiotropically affect gene transcription, unraveling a potential mechanism whereby these signal transduction proteins elicit changes in gene transcription profile necessary for normal ontogenesis and also tumor formation.
